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A MONTE CARLO CALCTJLATION OF THE NUCLEAR COLLISION 

DENSITY OF PRTMARY GALACTIC PROTONS 

IN A SLAB OF ALUMINUM 
by Millard L. Wohl 

Lewis Research Center 

SUMMARY 

A Monte Carlo code was written for the IBM 7090 computer. The code con- 
siders protons in the primary galactic energy range (0.1 to 10 Bev) impinging at 
angles of Oo, 30°, 45O, and 60°, as well as isotropically, on an infinite slab 
of aluminum 55 centimeters thick. The average proton nuclear collision density 
in each of six laminar regions of the slab is computed. 

In addition, the energy distribution of evaporation neutrons from the re- 

The proton collision density may be used as the spatial source density 
sulting excited nuclei is computed, and the statistical model assumed to be 
valid. 
distribution for calculations of the transport of the secondary neutrons. 

INTRODUCTION 

One of the crucial factors in the determination of the feasibility of extra- 
terrestrial space flight is the provision of adequate shielding against the high- 
energy space radiation encountered. An important aspect of shielding studies 
directed to this end is consideration of secondary radiation produced in the 
shell of a space vehicle, which may be far more damaging to personnel or instru- 
mentation than the much higher energy primary radiation responsible for its pro- 
duct i on. 

Since estimates of the magnitudes of secondary-source intensities are 
needed, it was decided to compute, by the Monte Carlo method, the spatial and 
energy distribution of secondary evaporation neutron sources produced by high- 
energy primary galactic protons impinging at angles of Oo, 300, 45O, and 600, 
as well as isotropically, on a laterally infinite slab of aluminum 55 centi- 
meters thick. Under the assumptions made, the spatial evaporation neutron 
source distribution is essentially equivalent to the proton nuclear collision 
density. In addition to energy degradation by nuclear collision, protons suf- 
fer ionization energy loss between nuclear collisions. The calculation does 
not include the intranuclear cascade process, which has been studied at length 
in the 0.025- to 0.4-billion-electron-volt energy range (ref, 1). 



SYMBOLS 

adjustable parameter 

emission energy of evaporation neutron, MeV 

cumulative d is t r ibu t ion  functions f o r  1-1 

probabi l i ty  densi ty  function f o r  x 

probabi l i ty  densi ty  functions f o r  p 

probabi l i ty  density function f o r  y 

probabi l i ty  densi ty  function f o r  y 

maxwellian probabi l i ty  density function f o r  

counting index 

computed evaporation neutron energy d is t r ibu t ion  

cumulative d is t r ibu t ion  function f o r  EM 
probabi l i ty  densi ty  function for proton in te rco l l i s ion  path length 

probabi l i ty  densi ty  function f o r  1-1 

probabi l l ty  density function f o r  EM 

nuclear inter c oll is i on distance 

dummy variable of integrat ion 

nuclear temperature, MeV 

dumy var iable  

dummy variable,  E - x 

coordinate ax is  designation 

normal distance from l e f t  s ide of s lab 

frequency d is t r ibu t ion  f o r  E 

angle between incident proton direct ion and normal t o  slab boundary 

E 

proton 

cos ine 

mean f r e e  path far nuclear co l l i s ion  

of polar sca t te r ing  angle 



m a x i m u m  of f i n i t e  s e t  of pseudorandom numbers EM 

ES spec i f ic  pseudorandom number 

e1,E2,E3,t4 pseudorandom nunibers uniformly dis t r ibuted i n  0 --+ 1 

E '  redefined 2seudorandom number 

t o t a l  nuclear macroscopic cross section 

standard deviation of & ai 

If azimuthal proton sca t t e r ing  angle 

Subscripts : 

1, j summati  on indexes 

ANALYSIS AmD COMPUTING PROCEDURE 

Throughout this discussion, frequent reference w i l l  be made t o  figure 1, 
which i s  t h e  log ica l  f l o w  chart  f o r  t he  Monte Carlo computing process. The 
following discussion corresponds t o  t h e  sequential  l og ica l  portions of f igure  1, 

Source Proton Energy Spectrum 

The source spectrum used is  a rough s lmplif icat ion of  that given i n  re fer -  
ence 2 (a pointwise spectrum is assumed t o  hold over a continuous energy region) 
and i s  assumed t o  be of the  form 

where a = 0.5. A choice of source proton energy i s  made from t h i s  spectrum by 
a straightforward re jec t ion  technique, as  i l l u s t r a t e d  by branch A of f igure  1. 

Source Proton Direction 

The geometric configuration and the  incident-proton direct ion are i l l u s -  
t r a t e d  i n  t h e  following sketch: 

3 



The angle eo may have a value of Oo7 30°7 4507 or  60°. 

Distance t o  Nuclear Collision 

The distance t o  a nuclear co l l i s ion  i s  selected, as i s  customary, f romthe  
following exponential dis t r ibut ion:  

p( s)ds = %e -cTs ds 

where p ( s )  i s  the  probabili ty of co l l i s ion  i n  ds about s. Mapping equa- 
t i o n  ( 2 )  onto a space of the 0 + l uniform random variable 5 gives 

I 
The values of 5 a re  generated by a double-entry subroutine t h a t  uses the  method 
of congruences ( r e f .  3). The proton mean f r e e  path f o r  nuclear co l l i s ion  used 
is 42 centimeters over t he  energy range considered (0.1 t o  10 Bev). 
average of three values given i n  reference 4, The z-coordinate of the nuclear 

T h i s  i s  an 
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col l i s ion  point i s  compared with the  s lab thickness of 55 centimeters. If 
e i the r  z > 55 centimeters or  z < 0, the h is tory  counter is  incremented by one 
and a new his tory  begun. 0 5 z 5 55 centimeters, the  appropriate one of 
s i x  z-bin counters designated by ANS(KKK) i n  figure 1 is incremented by  one. 
(Symbols used i n  f ig ,  1 are defined in t h e  appendix. ) 

If 

Ehergy Loss Between Nuclear Collisions 

Between nuclear col l is ions,  t h e  proton suf fers  a continuous ionization 
energy loss due t o  electromagnetic interact ion with electron and Ion f ie lds .  
The energy l o s s  i n  the  in te rco l l i s ion  transit i s  established by finding the  
energy corresponding t o  t h e  residual  range of the proton, the difference between 
the  range (which r e fe r s  o n l y t o  ionization slowing down) and the  nuclear i n t e r -  
co l l i s ion  distance, The max im of the l a t t e r ,  of course, is the f u l l  range. 
The range-energy data f o r  protons in aluminum given in reference 5 a re  used 
herela, Branches C and D of f igure 1 describe the  computation of t he  energy EE 
a f t e r  ionization slowing down. 

Description and Kinematics of Nuclear Collision 

When the  proton nuclear co l l i s ion  kinematics were considered, it w a s  decided 
t o  idealize the process as follows: 

(1) The proton suffers a knock-on d i r ec t  nonre la t iv i s t ic  co l l i s ion  with a 
loosely bound nucleon; thus hydrogen-like sca t te r ing  kinematics maybe used. 

(2) A suf f ic ien t  number of nuclear energy levels  are excited so  t h a t  the  
s t a t i s t i c a l ,  or "temperature," model of nuclear exci ta t ion i s  val id  ( r e f ,  6). 

(3) Only evaporation neutron emission is considered, 

The co l l i s ion  mechanics 
f o r  the cosine of the proton 
neutron-hydrogen coll isions,  

I n  order t o  sample f r o m t h i s  

a re  as follows: The probabi l i ty  density function 
polar sca t te r ing  angle is, as is  the case with 

P(P) = 2P ( 4) 

distribution, consider the following ( re f .  7) r 

(1) Let  CI. = l a rges t  (El ,e2 ,  . . ., EN), where the  E's a re  pseudorandom 
nunib e r s  . 

( 2 )  If EM i s  the la rges t  of ( N  - 1) E's, the cumulative d is t r ibu t ion  
function fo r  5~ is 

since the  probabi l i ty  t h a t  a pseudorandom nuniber is l e s s  than or  equal t o  
is merely equal t o  EM- The corresponding probabili ty density function is thus 

EM 

5 
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(3) Consider another E; = E;, and l e t  p = l a rger  (EM,€+,)= 
(4)  Then 

where f and g a re  probabi l i ty  density functions, and F and G are cumula- 
t i v e  d is t r ibu t ion  flmctions. Since N = 2 (eq, (4)), a sanrple may be obtained 
from t h e  d is t r ibu t ion  p(p)  = 2p by s e t t i n g  

After a value of p has been determined, a new z-direction cosine is computed 
by m e a n s  of t h e  cosine law for spherical  t r iangles ,  as in branch E of figure 1. 
The azimuthal sca t te r ing  angle Jr is chosen unifarmlybetween 0 and 231 by 
means of the von N e u "  reject ion technique ( r e f ,  8), a l s o  described in 
branch E of f igure 1, 

It i s  assumed that each nuclear proton co l l i s ion  gives r i s e  t o  nuclear ex- 
c i t a t ion  and the subsequent production of an evaporation neutron from an ensem- 
b l e  whose e n e r a  d is t r ibu t ion  is  given by 

-E/T h(E) rc Ee 

where 
t ron  volts,' 

T, the  nuclear temperature parameter, was chosen t o  be 12 million elec- 
In order t o  sample from the  d is t r ibu t ion  

( 8 )  
h(E) a Ee -E/T 

s e t  

In order t o  prove thls, l e t  

If 

_ _  
k s  a u e  was suggested by R. M, sternheimar i n  a private communication, 
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and 

it i s  known t h a t  

and 

where f and g are the  probabi l i ty  density functions of x and y, respec- 
t ively.  

Now, t h e  j o i n t  probabi l i ty  density function is  

6" h(E) = f (x )g (E  - x)dx 

1 -x/T,-( E-X) /T 
- dx - - b  T2 e 

1 -E/T 
T2 

= - Ee 

Thus, the sampling prescr ipt ion described by equation ( 9 )  produces the  correct 
probabi l i ty  density function h( E)  (eq. (14)  ) . 

Since information on r e l a t i v e  evaporation neutron yields  is  unavailable a t  
t h i s  time i n  the 0.4- t o  10-billion-electron-volt proton energy range, an evapo- 
ra t ion  neutron is assumed generated and an energy picked every time a proton 
nuclear co l l i s ion  OCCUTS, A histographic energy d is t r ibu t ion  is thus accumulated 
during the  calculation. This i s  indicated i n  branch F of f igure  1. 

If the  t ransport  of secondary neutrons were of in te res t ,  t he  proton col- 
l i s i o n  density would provide the  s p a t i a l  source dis t r ibut ion,  the  energy d i s t r i -  
bution would be given by f igure  2, computed from equation (9), and the  angular 
d i s t r ibu t ion  could be assumed isotropic.  

H i s  t o r y  Termination 

Each time a proton i s  slowed down, e i the r  by ionization or  col l is ion,  i t s  
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energy i s  compared with the cutoff energy, 0.101 b i l l i o n  electron volt. If the 
energy i s  above the  cutoff point, t h e  h is tory  i s  continued. If t he  energy is  
below the cutoff point, t he  h is tory  i s  terminated, A h i s tory  is a l s o  terminated 
i f  z < 0 or z > 55 centimeters, as mentioned previously. 

S t a t i s t i c a l  Analys is  

Since the i n t e g r a l  of t h e  co l l i s ion  density i n  a given z-bin is tabulated 
by  a pure counting procedure, t h e  s t a t i s t i c a l  var ia t ion of t h i s  quantity maybe 
described by a Poisson distribution. 
$i, the  mean co l l i s ion  density i n  t h e  ith bin, is given by (ref .  9 )  

Thus, t h e  f rac t iona l  standard deviation of - 

I n  branch G of f igure 1, a calculation of f rac t iona l  standard deviations of 
t he  Ti's 
s u l t s  of 50 subgroups, each containing averages of 100 his tor ies .  The counter- 
p a r t  of equation (15) i s  

i s  carr ied out on the bas i s  of an examination of the spread of  re-  

1 
1/2 

(i = 1, 2, . ., 6) 
J 

DISCUSSION OF RESULTS 

The computed proton nuclear co l l i s ion  densi t ies  f o r  incidence angles of 
Oo, 30°, 45O, and 60°, as well  as isotropic  incidence, a r e  displayed i n  f igure 3. 
Since the slab thickness considered is 55 centimeters, or only 1.25 proton mean 
f ree  paths, it i s  t o  be  e q e c t e d  that the  angle of incidence v i 1 1  play an i m -  
portant ro l e  i n  determining the co l l i s ion  density, Thls i s  indeed the case and 
i s  c l ea r ly  demonstrated by the increase of co l l i s ion  density with incidence 
angle i n  the shallow portions of t h e  slab, as shown i n  f igure 3. 

I n  most of t he  cases considered, t he  f r a c t i o n a l  standard deviation of the 
co l l i s ion  density, according t o  equation (15), i s  a few percent. The f r ac t iona l  
standard deviations computed from equation (16)  a r e  about 25 percent, which 
demonstrates the r e l a t ive  inaccuracy of t he  method of equation (16)  f o r  t h e  sub- 
group s i ze  (100 h i s to r i e s )  and the  t o t a l  number of h i s to r i e s  run (5000). 

The computed secondary neutron energy d is t r ibu t ion  ( f ig .  2)  displays the  
maxwellian shape prescribed by equation (14).  
1 2  mill ion electron volts,  which is  t o  be expected, i n  view of the temperature 

The most probable energy i s  about 
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of nuclear excitation assumed. A secondary neutron spatial source distribution 
equivalent to the proton nuclear collision density may be assumed for the in- 
vestigation of secondary neutron transport. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 10, 1963 
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APPENDIX - FLOW-CHART SYMBOLS 
Branch Symbols 

AA NCHIS 

cos 8 

EE 

F ( m  

K 

A 

B 

C 

D 

E 

F 

G 

ENERGY(") 

m 

Definition 

number of case h i s t o r i e s  

z-direction cosine, ilz 

proton energy p r i o r  t o  nuclear coll ision, Bev 

source energy d is t r ibu t ion  f'unction 

normalization constant for source energy dis- 
t r ibu t  i on 

m a x i m u m  value of source energy d is t r ibu t ion  

r a t i o  of F(EE) t o  AMAX 

proton mean free path 

z-coordinate of co l l i s ion  point 

proton nuclear i n t  e rco l l i s ion  distance 

discrete  energies and corresponding proton 
ranges i n  aluminum; E(X) i n  Bev, R(K) i n  c m  

proton range 

residual  proton range 

proton co l l i s ion  counter index 

azimuthal sca t te r ing  angle 

cosine of polar sca t te r ing  angle 

polar sca t te r ing  angle 

contents of each of s i x  proton co l l i s ion  
counters 

contents of secondary neutron energy b i n  

t o t a l  final number of proton h i s to r i e s  (5000 
i n  t h i s  calculation) 

average of co l l i s ion  density over 5000 
h i  s t o r i e s  

10 



Branch Symb 01s 

GRPAVG ( I, NUMINT) 

Def in i t i on  

average of c o l l i s i o n  dens i ty  over 100 
h i s t o r i e s  

f r a c t i o n a l  s tandard devia t ion  of c o l l i s i o n  
d e n s i t y  wi th  100-his tory subgroups 
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Z E O  

ENERGY TABLE sin 01 
cos e= PICK E, 

A 

NCHIS * NCHIS + 1 

8 I 
PICK AMAX = ~(0.1)-O.5 RAT = F(EE)/PMAX 

26 - 

t 
3 c = Z - Z B .  

h = 42 PICK 

ZB= - a In 5 

Q 

ZP = RR - ZB 

RR = R(K) - RATIO(R(K) - R(K - 1)) 

K = K + 1  RR = R(K) 

Z = RR cos B 

K - 1  
84 

K = K + 1  EE = E(K) 

I 
(a )  Branches A t o  D. 

F igure  1. - Monte C a r l o  f l o w  cha r t .  
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ENERGY(") = ENERGY(") + 1 

620 

NUMINT - 1 

I 

MWLT = 6 . NUMINT - 5 

i(yL'I-1 

Figure 1 . -  

FIN = NIF - 1 

DIF(I,NUMINT) = GRPFIN(1) - GRPAVG(I,NUMINT) 

WRITE OUTPUT 

I I 

(b) Bran~i res  E to 0. 

Concluded. Monte Carlo flow chart 
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Figure  3. - Proton nuclear  c o l l i s i o n  dens i ty  as funct ion of pene- 
t r a t i o n  depth i n  slab. (Source normalized t o  1 proton per  second.) 
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